In the course of 71 days in lunar orbit, from 19 February to 3 May 1994, the Clementine spacecraft acquired just under two million digital images of the moon at visible and infrared wavelengths. These data are enabling the global mapping of the rock types of the lunar crust and the first detailed investigation of the geology of the lunar polar regions and the lunar far side. In addition, laser-ranging measurements provided the first view of the global topographic figure of the moon. The topography of many ancient impact basins has been measured, and a global map of the thickness of the lunar crust has been derived from the topography and gravity.
In early 1992, after a 4-month effort by the National Aeronautics and Space Administration (NASA), the U.S. Department of Defense, and industry, it was concluded that a mission to a near-Earth asteroid using new lightweight technology was desirable and feasible. The mission was subsequently expanded by 2 months to include mapping of the moon to demonstrate spacecraft and sensor performance before the demanding asteroid flyby. The interstage adapter of the spacecraft, which houses the solid rocket motor, was designed to remain in a highly eccentric Earth orbit as a radiation experiment platform and additional sensor target. The name Clementine was selected for the spacecraft because the old ballad "My Darlin' Clementine" is about the daughter of a miner and this mission would assist in determining the mineral content of the moon and the asteroid. And, as in the song, after the asteroid flyby, Clementine was to be "lost and gone forever." The Clementine spacecraft was built at the Naval Research Laboratory in Washington, D.C., and carried sensors designed and built by the Lawrence Livermore National Laboratory.
The spacecraft was launched with a refurbished Titan IIG ICBM into a 226-km by 259-km parking orbit at a 670 inclination on 25 January 1994. On 3 February, the spacecraft was spun to 60 revolutions per minute, and the kick motor was fired, injecting the spacecraft into a phasing orbit transfer trajectory to the moon. The spacecraft was placed into a 400-km by 2940-km, 5-hour orbit around the moon on 19 February, where it remained until 3 May. The asteroid flyby was aborted on 7 May 1994 because a software error had depleted the spacecraft attitude-control propellant.
The spacecraft is an octagonal prism about 2 m high (Fig. 1) . A 110-pound thruster for maneuvers in space is on one end of the prism, and a high-gain fixed dish antenna is on the other end. The power system consists of a gimbaled, single-axis, GaAs is equipped with a laser-ranging system ( Fig. 2 and Table 1 ). The cameras include an ultraviolet-visible (UVVIS) camera, a long-wave infrared (LWIR) camera, the laser-ranger (LIDAR) high-resolution (HIRES) camera, and a near-infrared (NIR) camera. The fields of view of these cameras are shown in Fig. 2 . The spacecraft also has two star-tracker cameras, used mainly for attitude determination, but they also serve as wide-field cameras for various scientific and operational purposes. Tracking data from the spacecraft's S-band transponder provided information on the lunar gravity field. The sensors are all located on one side, 900 away from the solar panels. Clementine has 12 small attitude-control jets that were used to orient the spacecraft to point the cameras to desired targets. The attitude-control system includes the two star-tracker cameras and two lightweight inertial measurement units, based on a ring laser gyro and an interferometric fiber optic gyro. During initial deployment at low Earth orbit, the spacecraft was stabilized on all three of its axes. The spacecraft was then three-axisstabilized in lunar orbit by means of reaction wheels, with a precision of 0.05°in control and 0.03°in knowledge. The spacecraft data processing was performed by three computing systems (1).
The UVVIS camera has a catadioptric telescope with fused silica lenses focused onto a coated Thomson charge-coupled device (CCD) imager. Active wavelength response is limited on the short wavelength end by the transmission of fused silica and by the optical blur of the lens, and on the long end by the response of the CCD. Five Fig. 1 . The spacecraft, on top of its adapter, being prepared for testing at the Naval Research Laboratory's anechoic chamber. spectral bands and one broad band (Fig. 3) can be selected from a filter wheel. The CCD is a frame-transfer device, accomplishing electronic shuttering by rapidly shifting the active pixel area into the storage area, pausing for the integration time, then rapidly shifting the captured image into a storage buffer, from which the image is read. The CCD electronics allow three gain states. With the day side of the moon as a target, typical integration times were as short as several milliseconds in the lowest gain state (1000 electrons per bit) near subsolar illumination points at the brighter spectral bands, increasing to 40 ms near the polar regions in the middle gain setting for the weaker 415-and 1000-nm spectral bands.
The HIRES camera combines a lightweight telescope with an image intensifier coupled with a frame-transfer CCD imager.
Spectral response is from 0.4 to 0.8 pim.
Five spectral bands are selectable from a filter wheel; a sixth filter position is opaque, to protect the image intensifier. Images of the day side of the moon used intensifier gate times on the order of 1 ms with low gain settings. Lifetime concerns about the photocathode and microchannel plates in the intensifier unit drove operational settings to low exposures. This resulted in photon shot noise significantly contributing to the overall noise in the HIRES sensor.
The LIDAR unit shares the telescope of the HIRES camera, splitting the 1064-nm return signal from the Nd-yttrium-aluminum-garnet (YAG) source off to an avalanche photodiode detector (APD) with a dichroic filter. The optics are nonimaging, providing an exit pupil through simple relay optics at the APD. Range is determined by the number of clock cycles between the laser start pulse and the received signal. The clock counter has only 14 bits, owing to hardware availability limitations. In order to allow returns up to the 640-km maximum range required in the lunar mission, we binned four returns to a clock count, turning the 23-MHz response into a 39.972-m bin. Internal memory in the LI-DAR unit saves up to six "returns" per laser firing, with up to four saved in the programmable search range. Threshold is set for the best compromise between missed detections and false alarms.
The NIR camera uses a catadioptric lens with a 256 by 256 pixel InSb focal plane array (FPA) mechanically cooled to cryogenic temperature. The FPA operated at 70 + 0.5 K at the moon. Six wavebands were available (Fig. 3) .
The LWIR camera uses a catadioptric lens with a 128 X 128 HgCdTe FPA. The FPA was operated at 65 K. Wavelength range was controlled by the cold filter to 8.0 to 9.5 pum.
The wide field of view star-tracker cameras have a concentric optics design with a fiber optic field flattener to couple the image surface to a CCD array. The primary function of the star-tracker cameras was to provide stellar images that were processed against an on-board star catalog to establish absolute angular references for navigation. The scientific uses of the cameras were secondary. Only broadband operation was available. The linetransfer electronic shuttering limited imaging to dim targets such as the lunar surface illuminated by earthshine.
Extensive preflight calibration, acquired with an automated calibration facility at Lawrence Livermore National Laboratory, attempted to cover light levels similar to those expected from the lunar surface and to span the camera settings required for lunar mapping. The measurements included radiometric sensitivity; FPA uniformity; gain and offset scale factors; temporal-spatial noise; dark-noise dependence on FPA temperatures, integration times or input voltage levels, and spectral response of FPA; optical distortion map; point-spread function; and electronic warm-up time and cryocooler cool-down time. For the thermally sensitive sensors such as the LWIR camera, the noise measurement was performed in a vacuum chamber to simulate the space thermal environment.
Many preflight calibration coefficients were applied to lunar data showing reasonable agreement with expected performance. In-flight calibration data allow corrections such as those for vacuum flight condition and sensor degradation over mission life- Array field of view (degrees) time to be added to the preflight calibration results. The combined calibration is expected to be better than 5%.
Over the course of 71 days in lunar orbit, Clementine mapped the 38 million square kilometers of the moon in 11 visible and near-infrared colors (nearly one million images). The spacecraft took 620,000 highresolution and about 320,000 mid-infrared thermal images, mapped the topography of the moon with the LIDAR, improved our knowledge of the surface gravity field of the moon through radio tracking, and carried a charged-particle telescope to characterize the solar and magnetospheric energetic-particle environment. Most of the sensors on the spacecraft met or exceeded expectations. We have had our first view of the global color of the moon and identified major compositional provinces, studied several complex regions and mapped their geology and composition in detail, and mea- sured the topography of large, ancient impact features. The images from Clementine constitute the first global digital data set for the moon. The color of the moon in the visible to near-infrared part of the spectrum is sensitive to variations in both the composition of surface material and the amount of time the material has been exposed to space. The filters were selected to characterize the broad lunar continuum and sample parts of the spectrum known to contain absorption bands diagnostic of iron-bearing minerals and plagioclase feldspar, the dominant mineral constituents of the lunar crust (Fig. 3) . By combining information obtained through several filters, we can use multispectral image data to map the distribution of rock and soil types on the moon.
Clementine successfully mapped the moon in 11 colors at an average surface resolution of about 200 m per picture element. Our initial examination of the data attests to its high quality. We have completed a preliminary look at the Clementine data on a global basis by reducing the resolution by a factor of several hundred, allowing the immense volume of data to be easily manipulated (2) . Several major compositional provinces are evident, including the volcanic lavas of the maria (the dark regions of the moon), young craters, and the immense South Pole-Aitken Basin, a compositional anomaly on the far side of the moon (2) . Preliminary studies of areas of already known geological complexityincluding the Aristarchus crater and plateau (3), the Copernicus crater (on the western near side), and the crater Giordano Bruno on the eastern far side (4)-have allowed us to identify and map the diversity within and between geological units that have both impact and volcanic origins.
In addition to geological and compositional data from the images, Clementine has allowed us to see previously unknown regions of the moon and to see known areas from a different perspective. The science team completed a mosaic of the south polar region of the moon, using over 1500 UVVIS images, that reveals a previously unmapped portion of the moon near the pole. An extensive region of shadow corresponds to a large depression centered very near the south pole, possibly an ancient impact basin about 300 km in diameter (5 ing comets, may find their way into these "cold traps" and, over billions of years, accumulate in significant amounts. Clementine beamed radio waves into the polar areas, and the scattered radio signals were received on the large antennas of NASA's Deep Space Network. This "bistatic radar" experiment was designed to look for echoes that are diagnostic of water ice deposits. We expect that ice on the moon, if it exists at all, is limited in extent and is perhaps mixed with or buried under rocky material. The distinguishing radar characteristics will be muted. The echo might be only marginally stronger from icy regions, the peak might be subtle or broad because the ice may be distributed around the polar area, and only a change in polarization relative to nearby parts of the moon might be noticed. Relative echo power for one pass over the south pole is illustrated in Fig. 4 . A small increase in echo strength was observed a few minutes before echoes would be received at the minimum phase angle for the south pole. This increase is accompanied by a small change in the polarization ratio. These observations are consistent with some ice being present, but displaced from the pole toward Earth. Many other (non-ice) explanations could also account for these results. Further calibration needs to be applied, and data from three other orbits with similar observing geometries will be analyzed. The laser-ranging data from Clementine have allowed us to see the large-scale topography (or relief) of the lunar surface on a nearly global basis (-75°to +750 latitude). About 19% of the outgoing laser pulses were recovered. A striking result from this experiment is the confirmation of the existence of a population of very ancient impact basins whose outlines have been nearly obliterated by later impacts (7) . The largest confirmed basin on the moon is 2500 km in diameter and over 12 km deep, making it the largest, deepest impact crater known in the solar system (7, 8) . Gravity data obtained from radio tracking of Clementine indicate that these great holes in the moon's crust are compensated to varying extents by plugs of dense rocks far below the surface; these dense plugs are probably produced by structural uplift of the mantle (the ironand magnesium-rich layer below the lowdensity, aluminum-rich crust) beneath these impact basins (8) . A global map of the thickness of the lunar crust has been derived from the combined analysis of the topography and the gravity field (8) . thermal-infrared emission in a bandpass centered at 8.75 pim (13 range from a high of about 380 K on the equator-facing interior southern rim to a low of about 270 K on the southward-facing interior northern rim. The distribution of data number (DN) aclues is shown in Fig. 7 .
The presence of such a large spread of surface temperatures has important implications for understanding the surface temperature variation.
Radiative cooling to space will be different from that assumed in the common thermal models (which assuime a flat surface); this is dcue to both the topographic influence, which results in thermal elnission from one surface being absorbed by another surface rather than lost to space, and by the nonlinear therm-al-emission de- pendence on temperature as T4. As a result, interpretation of nighttime and eclipse surface temperatures (14, 15) in terms of surface properties based on such models will he in error. Second, the nonlinear dependence of the emitted flux on temperature and wavelength will produce a gradient of derived brightness temperature with wavelength, with values at shorter wavelengths being greater than values at longer wavelengths. This will affect our understanding of composition derived from midinfrared spectroscopy (16) . Although this effect has been described previously (17) , the motel used included only small-scale roughness and was somewhat uinphysical. An important objective of the Clementine program was to investigate the effects of the space radiation environment on the advanced technologies and lightweight spacecraft components being flight-tested on board the Clementine spacecraft and the Interstage Adapter satellite. A charged particle telescope (CPT) was built, tested, and integrated on board the main Clementine spacecraft to measure the fluxes of energetic electrons and protons encountered by the spacecraft throughout its mission. The low-energy electron channels (25 to 500 keV) have provided extensive data on the interaction between the moon and the Earth's magnetotail: While orbiting the moon, the CPT saw the wake created by the moon when it blocked the flow of energetic particles along magnetotail field lines. The CPT has also observed numerous bursts of energetic electrons during geomagnetic storms and magnetospheric substorms. A particularly important goal of the CPT was to measure fluxes of energetic protons in the energy range 3 to 80 MeV, which are emitted during solar energetic particle events. A strong solar particle event was observed on 20 to 25 February 1994 and was associated with a very strong interplanetary shock wave passage at -0900 UT on 21 February. The Clementine CPT observed this particle event and detected the precise time and position of the shock passage. The Clementine data were particularly valuable because they were obtained concurrently with measurements from several other near-Earth spacecraft (GOES-7, SAMPEX, GEOTAIL), thus permitting a remarkable multipoint study of the shock interaction with geospace (Fig. 8) (JPEG) provided visual optimization at a fixed compression rate. In the first mode, blocks of 8 by 8 pixel 8-bit data are transformed to a best-fit cosine series expansion in the orthogonal row and column directions. This algorithm tends to preserve high-frequency information with less loss than does JPEG at the same compression ratio. The nominal amount of compression was set by limiting the scene error induced by compression to a fraction of the camera's temporal noises. Analysis of lunar images during the first part of the mission showed that the quantitization matrix used by the chip was optimum for the imaging cameras. The HIRES camera was operated in JPEG mode. The high-frequency information in the HIRES scenes was spurious (it was caused by nonuniformity of the gain of the intensifier tube); eliminating high-frequency content allowed higher compression without harming the information content of the scenes. The average compression rate for all images obtained during the mission was 5. (3) . Included in the spacecraft instrument complement were a laser ranging device and an S-band microwave transponder from which topographic and grav-
